Contrasting with birds and mammals, poikilothermic vertebrates often have homomorphic sex chromosomes, possibly resulting from high rates of sex-chromosome turnovers and/or occasional X-Y recombination. Strong support for the latter mechanism was provided by four species of European tree frogs, which inherited from a common ancestor (~5 Ma) the same pair of homomorphic sex chromosomes (linkage group 1, LG1), harboring the candidate sex-determining gene Dmrt1. Here, we test sex linkage of LG1 across six additional species of the Eurasian Hyla radiation with divergence times ranging from 6 to 40 Ma. LG1 turns out to be sex linked in six of nine resolved cases. Mapping the patterns of sex linkage to the Hyla phylogeny reveals several transitions in sex-determination systems within the last 10 My, including one switch in heterogamety. Phylogenetic trees of DNA sequences along LG1 are consistent with occasional X-Y recombination in all species where LG1 is sex linked. These patterns argue against one of the main potential causes for turnovers, namely the accumulation of deleterious mutations on nonrecombining chromosomes. Sibship analyses show that LG1 recombination is strongly reduced in males from most species investigated, including some in which it is autosomal. Intrinsically low male recombination might facilitate the evolution of male heterogamety, and the presence of important genes from the sex-determination cascade might predispose LG1 to become a sex chromosome.
Introduction
Sex chromosomes are evolving along drastically different trajectories, depending on lineages. Most mammals and birds, for instance, present strongly heteromorphic sex chromosomes with highly degenerated Y and W chromosomes, respectively. This heteromorphy results from a long history of recombination arrest, initiated some 170 and 130 Ma, respectively (Charlesworth D and Charlesworth B 2000; Bachtrog 2013) . In sharp contrast, many groups of fish, amphibians and reptiles present undifferentiated sex chromosomes, testifying to a very distinct history (Bachtrog et al. 2014) .
Homomorphy may result from a high rate of turnovers, during which sex chromosomes are replaced before they had time to decay (Schartl 2004; Volff et al. 2007 ). Sex-determination mechanisms seem particularly labile in amphibians and fishes; comparative mapping shows that sex-determining systems can switch rapidly (Kikuchi and Hamaguchi 2013; Malcom et al. 2014) , leading to different sex chromosome pairs between closely related species (Mank and Avise 2009; Kitano and Peichel 2011) or even conspecific populations (Miura 2007) . Different forces may drive turnovers, including sexually antagonistic selection Kirkpatrick 2007, 2010) , sex-ratio selection , and deleterious mutations accumulating on nonrecombining chromosomes (Blaser et al. 2013) . Despite substantial theoretical consideration, the relative contribution of these mechanisms in natural systems remains poorly understood. Comparative analyses suggest that, in this context of high turnover, some genomic regions are repeatedly and independently co-opted for sex determination, likely because they carry important genes from the sex-determining cascade (Graves and Peichel 2010; O'Meally et al. 2012; Brelsford et al. 2013) .
Alternatively, homomorphy may result from occasional X-Y recombination, occurring either in males or in sex-reversed XY females (the "fountain-of-youth" model; Perrin 2009 ). Theoretical studies suggest that X-Y recombination should evolve toward very low but nonzero values, under the opposing forces of sexually antagonistic selection (which favors recombination arrest) and the load of deleterious mutations that accumulate on nonrecombining regions (Grossen et al. 2012) . Very low recombination rates seem sufficient to purge this load and prevent X-Y differentiation over evolutionary times (Grossen et al. 2012 ). This latter model has received support from studies on a group of European tree frog species, namely Hyla arborea, H. intermedia, H. molleri, and H. orientalis (hereafter referred to as the H. arborea clade). All four species share the same pair of sex chromosomes with male heterogamety, inherited from a common ancestor approximately 5 Ma, and maintained homomorphic by occasional X-Y recombination Guerrero et al. 2012; St€ ock, Savary, Zaborowska, et al. 2013 ). This linkage group 1 (LG1) has been independently co-opted for sex in other deeply diverged groups of amphibians from the Bufonid and Ranid radiations , and contains two important genes from the sex-determining cascade (Dmrt1 and Amh) known to have seized the master sexdetermination role in several groups of vertebrates, such as birds (Smith et al. 2009 ) and monotremes (Cortez et al. 2014) . The N-terminal part of Dmrt1, which encodes the DM domain, carries a trans-specific polymorphism that perfectly associates with sex in all four species from the H. arborea clade (Brelsford, Dufresnes, and Perrin, unpublished) , suggesting a unique origin for sex determination, and that occasional X-Y recombination is the only mechanism preventing sex chromosome differentiation in this clade.
The question arises whether the same mechanism actually accounts for sex chromosome homomorphy throughout the whole Eurasian Hyla radiation, or whether sex-chromosome turnovers also played a role. Importantly, if sex chromosomes recombine occasionally, then turnovers cannot result from the accumulation of deleterious mutations. To empirically test the relative contribution and timeframes of these mechanisms, we extended the survey to six additional species from the European tree-frog radiation with deeper divergence times from H. arborea (St€ ock et al. 2012) , namely H. sarda (~6 My) H. savignyi, H. felixarabica (~7.5) and H. meridionalis (~10 My), as well as their East Asian relatives H. japonica and H. suweonensis with divergence times 30-40 Ma (Smith et al. 2005) . Phylogenetic relationships based on mtDNA markers are shown in figure 1. Using a series of cross-amplifying markers, 1) we genotyped sexed adults and their offspring to test for a sex-determining role of LG1, 2) we established LG1 linkage maps to quantify sex differences in recombination rates, and 3) we performed phylogenetic analyses of LG1 sequences to identify signatures of recurrent X-Y recombination. In addition, we developed and analyzed genotyping-by-sequencing (GBS) libraries for species of the European radiation, in order to test support for the mtDNA phylogeny ( fig. 1 ) or for alternative relationships.
Results

Sex Linkage of LG1
In H. meridionalis, LG1 displayed clear patterns of sex linkage and male heterogamety: All 20 females were homozygous for allele 209 at locus Ha-T45, whereas all 20 males were heterozygous 209/212, suggesting these two alleles to be fixed on X and Y chromosomes, respectively (supplementary file S1, Supplementary Material online). Similarly, all males displayed one copy of allele 330 at locus Ha-T11 (suggesting this allele to be fixed on the Y), whereas alleles 330, 333 and 336 segregated on the X. Accordingly, F ST between sexes was significantly positive (table 1) .
In H. suweonensis, the only marker that could be amplified (Ha-5-22, situated within the gene Med15) indicated sex linkage and female heterogamety; alleles 228 and 231 were present in both sexes, but most females also presented one copy of allele 234, not found in any male. This suggests a standing polymorphism on the W chromosome, with one allele (234) specific to the W chromosome, and another one (228) 
FIG. 1.
LG1 tree of sex in Palearctic tree frog lineages. Tree topology and approximate divergence times (My) were adapted from mitochondrial phylogenies and molecular dating by Smith et al. (2005) 
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Sex-Chromosome Evolution in Tree Frogs . doi:10.1093/molbev/msv113 MBE linkage (supplementary file S1, Supplementary Material online), although we could only investigate male heterogamety (having only males in our sample). None of the other markers and linkage groups tested in these four species showed any evidence for sex linkage (supplementary file S1, Supplementary Material online). Altogether, LG1 was thus confirmed or suggested to be sex linked in two additional species (in total: five XY one ZW) and autosomal in three ( fig. 1 and table 2 ).
Sex-Specific Recombination Rates
As previously documented from the H. arborea clade St€ ock, Savary, Zaborowska, et al. 2013) , LG1 recombination rate was much lower in males than in females in three newly tested taxa ( fig. 2 ). Interestingly, this included two species (H. sarda and H. savignyi) where LG1, despite being autosomal, displayed about 30-fold less recombination in males. It is worth noting that, in H. arborea, male recombination is strongly reduced over the whole genome (BersetBr€ andli et al. 2008; . Hyla japonica, in contrast, where LG1 is also autosomal, displayed the same average recombination rate between males and females. However, unlike in European taxa, closer inspection of the family data suggests strong individual variation: In both sexes some individuals show almost complete absence of crossovers, whereas others display large recombination over all markers (supplementary file S2, Supplementary Material online).
LG1-Sequences Phylogenies
LG1 sequences allowed perfect discrimination between all the lineages considered, except for the youngest sister taxa H. molleri and H. orientalis, which showed incomplete lineage sorting for Med15 and Ha-A103 ( fig. 3) . It also appears from these sequences that the position of H sarda is not clearly settled, in line with a polytomy with H. savignyi (see below). In all species where LG1 was sex linked, male and female alleles always clustered by species, consistent with occasional X-Y or Z-W recombination ( fig. 3 ).
Phylogenetic Inference and Hypothesis Testing Based on GBS Data
We obtained an average of 2.7 M reads per sample, with samples ranging from 1.6 M to 5.6 M reads. Mean sequence depth was 13.1 for the 2,906 single nucleotide polymorphisms (SNPs) genotyped in all species, and 4.7 for the 80,118 SNPs genotyped in at least three species.
Bayesian phylogenetic inference was overall very concordant with mtDNA, and only the placement of H. sarda relative to H. savigny remained unresolved, resulting in a polytomous topology (supplementary file S3, Supplementary Material online). As shown by St€ ock et al. (2012) , the branching of H. sarda in the mtDNA phylogeny is not significantly supported either.
We found no significant difference in support for the three possible positions of H. sarda (Shimodaira-Hasegawa [S-H] test; P 4 0.54 in all comparisons). The same results were obtained for the 2,906 SNPs genotyped in all species and the 80,118 SNPs genotyped in at least three species. Hence, nuclear data do not oppose the mtDNA phylogeny (namely the H. savignyi clade being sister to a H. sarda/arborea clade), but we cannot reject either the two alternative scenarios where H. savignyi is sister to either the H. sarda or the H. arborea clade. Given the strong statistical power of our data sets, this possibly signals a true polytomy, with multiple simultaneous speciation events triggered by the same geological event, for example, the end of the Messinian salinity crisis (5-6 Ma; St€ ock et al. 2012).
Discussion
Although previous work was limited to the young H. arborea clade, where LG1 is conserved as the sex chromosomes St€ ock, Savary, Zaborowska, et al. 2013) , our analyses clearly establish that this linkage group is not universally sex linked in the Eurasian tree-frog complex. Our sibship analyses, combined with low male recombination, provided strong power to detect a male heterogametic system on LG1. In H. sarda, H. savignyi, and H. japonica, the maximal distance between two markers on the male map is 4.0, 4.7, and 20.6 cM, respectively. Assuming the SD locus to lie in the middle of this segment (the most conservative assumption), the two neighboring markers would be, respectively, 2.0, 2.4 and 10.3 cM apart from the SD locus, and thus should associate with sex in 90-98% of offspring, which cannot escape detection. We thus conclude that LG1 is not sex linked in these species, and therefore that sex-chromosome turnovers occurred in both the European and the East Asian radiations ( fig. 1 ).
The European radiation shows at least one and more likely two transitions within the last 10 My, which may have occurred along different scenarios ( fig. 4) . According to scenario a), the ancestral LG1 sex chromosome independently became autosomal in the two lineages leading to H. sarda on one hand, and to H. savignyi/H. felixarabica on the other hand. In scenario b), the ancestral LG1 sex chromosome first became autosomal in the sister group to H. meridionalis, and then reverted to a sex chromosome in the common ancestor to the H. arborea clade. In scenario c), LG1 was autosomal in the common ancestor to all European species, and independently took a sex-determining role in the H. meridionalis and the H. arborea clades. Scenario d) depicts the only situation where a single turnover suffices to account for the patterns documented here: It assumes the H. arborea clade to be sister to a H. sarda/savigny clade, with a single transition from an ancestrally sex-linked LG1 to an autosomal LG1 in the branch leading to the H. sarda/savigny clade. The alternative topology where H. sarda diverged prior to H. savignyi implies the same scenarios as depicted in figure 4a -c, and thus the same number of transitions.
These several scenarios might be tested through further investigations on sex-determination systems in Hyla. Scenario (a) predicts sex-determination mechanisms to differ between H. sarda and H. savignyi; identifying the sex chromosomes of these two species would provide a first test. Scenarios (a) and (d) also predict the same sex-determination mechanism in the H. meridionalis and H. arborea clades, which does not seem to be supported: phylogenetic analyses of the candidate sex-determining gene Dmrt1 are revealing a trans-species X-Y polymorphism at exon 1 that is shared by all species from the H. arborea clade, but not by H. meridionalis (Brelsford, Dufresnes, and Perrin, unpublished) , suggesting an independent event. Scenarios (b) and (c) might be tested by investigating species from the sister group to the European species (e.g., H. chinensis or H. annectans; Pyron and Wiens 2011); scenario (b) would receive support if these species also use LG1 as the sex chromosome, and scenario (c) if they share the same sex chromosome as H. sarda and H. savignyi.
The East Asian radiation also likely underwent at least one transition event, which further involved a switch in heterogamety. These two species seem to differ in their sexchromosome pair (LG1 in H. suweonensis but not in H. japonica). In addition, our genotypic data point to a ZW system in H. suweonensis (as otherwise also proposed based on cytogenetic analyses; Yu and Lee 1990), whereas its sister species H. japonica has been shown from sex-reversal experiments to present an XY system (Kawamura and Nishioka 1977) .
Despite this context of rapid changes, the one chromosome pair LG1 (out of twelve in Hyla; Anderson 1991) was found to be the sex chromosome in six of nine resolved cases, both as an XY and a ZW system, and has thus been co-opted for sex determination several times independently within the Eurasian tree-frog radiation. More broadly, this genomic region also independently evolved a sex-determination role in several deeply divergent lineages of frogs , as well as several species within the Ranidae (Miura 2007) . The same sort of recurrence has been suggested for a few other genomic regions (Graves and Peichel 2010; O'Meally et al. 2012) , and might result from the presence of important genes from the sex-determination cascade. In the present instance, a strong candidate is Dmrt1, a gene known to play a key role in sex differentiation across the whole animal kingdom (Beukeboom and Perrin 2014) . Dmrt1 or paralogs have seized the leading sex-determination role in a diversity of vertebrates, including birds, fish, and amphibians (Matson and Zarkower 2012) . Dmrt1 is a masculinizing gene, so that maleness might simply result from overexpression of the Y copy. In ZW systems conversely (such as suggested here for H. suweonensis), femaleness might result from a loss of function of the W gametolog, as documented, for example, in birds.
Other features may create self-reinforcing loops that further favor the recurrent co-option of specific genomic regions. First, chromosomes that already played a sexdetermination role are expected to be enriched in genes with the potential to evolve sexually antagonistic effects, making them more likely to recapture a sex-determination function during future turnovers (Blaser et al. 2014 ). Second, 
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Sex-Chromosome Evolution in Tree Frogs . doi:10.1093/molbev/msv113 MBE recombination arrest in the heterogametic sex, which is favored during periods spent as sex chromosome, is neutral during periods spent as autosome (because autosomes recombine anyway in the other gender). Depressed male recombination (possibly the long lasting signature of a sexchromosome past) will further increase the likelihood that a specific chromosome will recapture a sex-determining role during future turnovers, by providing an initially strong linkage between sex-determining and sexually antagonistic genes (van Doorn and Kirkpatrick 2007) . In the present instance,
LG1 does show drastically depressed male recombination in all European species investigated, even in those where it is not sex linked (~30-fold reduction relative to females in H. sarda and H. savignyi). It is worth noting, however, that amphibians tend to show much lower levels of male recombination over the whole genome (e.g., Nishioka and Sumida 1994; Rodrigues et al. 2013; Betto-Colliard et al. 2015) , with a reduction estimated to approximately 14-fold in H. arborea, (Berset-Br€ andli et al. 2008; ). An overall low male recombination should not affect the probability that a specific chromosome pair takes over the sexdetermination role, but might account for the high frequency of male heterogametic systems. It is also worth noting that
LG1 did not show sex differences in recombination in the East 
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Sex-Chromosome Evolution in Tree Frogs . doi:10.1093/molbev/msv113 MBE Asian H. japonica, where it is not sex linked either. Documenting the patterns of heterogamety and recombination across species from this East Asian clade might allow better characterization of the roles of heterogamety and phylogenetic inertia on the evolution of sex-specific recombination rates and turnovers. In parallel to turnovers, X-Y recombination has been shown to contribute to sex-chromosome homomorphy in closely related species of the H. arborea clade Guerrero et al. 2012) , in line with similar results obtained from Bufonidae (St€ ock, Savary, . Our data provide further support for this mechanism in Hylid frogs, including the deeply diverged H. meridionalis and East Asian H. suweonensis (where it involves Z-W recombination): In gene genealogies ( fig. 3 ), LG1 sequences always cluster by species (and not by gametologs), with no evidence of haplotype sorting in species where they are sex linked. Occasional recombination is also suggested by the sharing of alleles by X and Y chromosomes in H. meridionalis, or Z and W chromosomes in H. suweonensis. This might result from occasional or historical recombination in the heterogametic sex (e.g., Dufresnes, Bertholet, et al. 2014 ), but possibly also from occasional events of sex reversal (the fountain-of-youth model; Perrin 2009), as might be the case, for example, in species where recombination seems entirely arrested in males ( fig. 2) .
From our results, therefore, two distinct mechanisms, sexchromosome turnover and X-Y recombination, simultaneously contribute to the homomorphy of sex chromosomes in the Eurasian Hyla radiation. These two mechanisms are not to be seen as mutually exclusive, and possibly constitute two alternative responses to the same selective pressures: The accumulation of deleterious mutations on nonrecombining regions has the potential to induce either X-Y recombination (Grossen et al. 2012) or turnovers (the "hot-potato" model; Blaser et al. 2013 Blaser et al. , 2014 . However, their co-occurrence allows discarding deleterious mutations as a cause of turnovers in Hyla, given that sex chromosomes were anyway maintained homomorphic through occasional X-Y recombination. Rejection of the hot-potato model in this case is strengthened by the heterogametic transition suggested in H. suweonensis: Mutation-load driven turnovers cannot change the patterns of heterogamety, because the decaying Y or W chromosomes would then have to be fixed as autosomes. Alternatively, turnovers may be driven by sexually antagonistic mutations occurring on autosomes Kirkpatrick 2007, 2010) , or sex-ratio biases induced by environmental changes or genetic conflicts Beukeboom and Perrin 2014) , two mechanisms with the potential to induce changes in heterogamety. Further investigations on the patterns of heterogamety, together with identification of the linkage group(s) that determine sex in other species from the European and East Asian Hylid radiations, will contribute to shed light on the underlying mechanisms.
Materials and Methods
Data Generation
Sampling and DNA Extraction Adult samples comprised males and females from one or more populations of H. sarda, H. savignyi, H. meridionalis, H. japonica and H. suweonensis, as well as males from H. felixarabica. To obtain family samples (parents plus offspring), mating pairs were caught during the breeding season and offspring raised to hatching (see methods in Dufresnes et al. 2011) . For a subset of families, offspring were kept several months after metamorphosis, so that phenotypic sex could be unambiguously determined by morphological identification of gonads (Haczkiewicz and Ogielska 2013 
Marker Genotyping and Sequencing
In each species, we tested 15 microsatellite markers shown to be sex-linked in H. arborea and mapped as LG1 (BersetBr€ andli et al. 2008; . These include the 14 loci used by Dufresnes, Bertholet, et al. (2014;  see their supplementary file S2 for the list of markers and methods), plus one additional microsatellite located within intron 7 of the gene SmarcB1 (methods . Primers were redesigned for amplifying microsatellite Ha-A103 (forward: 5 0 -GGGACCTATGGATTAAAG-3 0 ; reverse: 5 0 -CAATTCACACCCAAATCAGAT-3 0 ). Polymerase chain reaction (PCR) products were run on an ABI-3100 genetic analyzer (Applied Biosystem, Inc.), and peaks were scored with Genemapper 4.0 (Applied Biosystems, Inc.). For each species, usable loci were genotyped in all adults and families. In species where LG1 showed no evidence for sex linkage (see Results), we genotyped additional microsatellites available for Palearctic Hyla and mapping to other linkage groups (Dufresnes, Brelsford, B eziers, et al. 2014; Dufresnes, Brelsford, and Perrin 2014, and methods therein) .
We generated sequence data from four markers widely distributed across LG1 in adults from both sexes of each species under focus when possible, in complement to published sequences . The four markers consisted of parts of the gene Med15 (~1,000 bp, plus a~600-bp insertion in H. sarda, encompassing introns 7, 8 and exons 7, 8), intronic sequences from the genes SmarcB1 (~500 bp encompassing intron 7) and aFibrinogen (~500 bp encompassing intron 1), and flanking regions of the noncoding microsatellite Ha-A103 (~500 bp, plus a~700-bp insertion in H. meridionalis). PCRs were carried out as described (Med15, a-Fibrinogen and Ha-A103: St€ ock et al. 2011; SmarcB1: Brelsford et al. 2013) , using redesigned primers for Med15 (forward: 5 0 -TAGCATTAGCTATTAAGCAT ACTCG-3 0 , reverse: 5 0 -TTACAGCAACAGCAAATGG-3 0 ), a-Fibrinogen (forward: 5 0 -AGATACAGTCACAGTGCTAGGTT C-3 0 , reverse: 5 0 -GGAGGATATCAGCACAGTCTAAA-3 0 ) and Ha-A103 (forward: 5 0 -ATGAATGGGCAAACTTTCCAT-3 0 , reverse: 5 0 -GCCTAGAAATGTGCAGTGATC-3 0 , for H. meridionalis, forward: 5 0 -CCAAGACCTCTTGTCCAACATTAGT-3 0 ), optimized for cross-amplification. PCR products were cloned with the TOPO TA cloning kit (Life Technologies) or pGEM-easy vector system (Promega), from which at least eight clones per sample were sequenced. A few samples were sequenced directly (SmarcB1, n = 13). In these cases, heterozygous positions were visualized from electropherograms in MEGA 5.0 (Tamura et al. 2011) . All sequences were edited and aligned in SeaView (Gouy et al. 2010) . Only Ha-A103 sequences could not be generated in the two East Asian species. Samples origins and GenBank accessions are provided in supplementary file S4, Supplementary Material online.
GBS Library Preparation and SNP Calling
We prepared a GBS library for seven European Hyla (all species but H. felixarabica, four individuals per species) using a protocol modified from Parchman et al. (2012) and Purcell et al. (2014) . Sample origins and the complete protocol are available in supplementary file S5, Supplementary Material online. Briefly, we digested genomic DNA with restriction enzymes EcoRI and MseI, ligated barcoded adapters, PCRamplified the resulting fragments, and selected PCR products between 400 and 500 bp. One of the PCR primers included a selective nucleotide, designed to target the subset of restriction fragments containing a G nucleotide adjacent to the MseI restriction site. The resulting library was sequenced on a single Illumina HiSeq 2000 lane at the Lausanne Genomics Technology Facility.
Raw sequence files were demultiplexed using the process_ radtags module of Stacks 1.24 (Catchen et al. 2011) . We ran the Stacks denovo_map.pl pipeline with minimum stack depth (-m) 2, mismatches allowed between loci (-n) 4, upper boundary for error rate (-bound_high) 0.05, and default values for other parameters. We then exported SNPs with fixed differences among species in Phylip format, producing one data set with only SNPs genotyped in at least one individual of all seven species, and one retaining SNPs genotyped in at least one individual of at least three species.
Data Analyses
Sex Linkage Sex linkage was ascertained on two grounds. First, we compared sex-specific allelic frequencies in male and female adults, testing for sex-specific differentiation (Fstat; Goudet 1995). Sex-linked loci are expected to carry sex-specific alleles and genotypes resulting in genetic differentiation between sexes (positive F ST ). Sex linkage of specific alleles was also tested with combinatory statistics. Second, we used Fisher's exact tests in families with phenotypically sexed offspring to test for sex-specific inheritance of maternal or paternal alleles (e.g., Rodrigues et al. 2013 ).
Linkage Maps
Species-and sex-specific microsatellite linkage maps of LG1 were computed using CRIMAP (Green et al. 1990 ). For each species, we first calculated the most likely order of loci with LOD (logarithm of the odds) scores (functions all and flips) and then estimated sex-specific recombination distances (function build). Final maps were produced with MapChart (Voorrips 2002) .
